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A colony bank of recombinant plasmids harboring Treponeema pallidum DNA
inserts has been established in Escherichia coli K-12. By using an in situ
immunoassay, we identified four E. coli clones that expressed T. pallidum
antigens. Thus, recombinant DNA technology may provide powerful new tools
for studying the pathogenesis of T. pallidum infection.
Treponema pallidum is the etiological agent of
syphilis. Studies in several laboratories have
indicated that cell surface components of T.
pallidum are involved in the pathogenesis of this
disease by mediating the attachment of trepo-
nemes to host cells (7, 9, 10). Recently, three
major cell surface proteins of T. pallidum (desig-
nated 1, 2, and 3) have been identified as poten-
tial ligands involved in adherence (1, 2). These
three proteins, as well as a number of additional
surface proteins, have also been shown to be
strongly immunogenic in infected humans and
rabbits (1, 2). Critical studies that might help
define the role of the various T. pallidum surface
proteins in the pathogenesis of syphilis are hin-
dered by a major experimental problem, i.e., the
inability to culture the organism in vitro for
sustained periods of time (8). Therefore, it is
difficult to obtain sufficient quantities of trepo-
nemes necessary for the identification, fraction-
ation, and purification of surface proteins. One
means of circumventing this problem would be
to obtain expression of these surface proteins in
an organism that can be easily cultivated in
vitro. To this end, we established in Escherichia
coli K-12 a colony bank that we hope is repre-
sentative of most of the T. pallidum genome. We
developed an in situ immunoassay that can
utilize either rabbit or human syphilitic serum to
identify E. coli clones expressing T. pallidum
antigens. By screening just a small portion of our
colony bank, we identified four E. coli clones
that were positive for the expression of T. palli-
dum antigens.
Virulent T. pallidum (Nichols strain) was ob-
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1034).
tained from rabbits infected by intratesticular
injection as previously described by Baseman et
al. (3). To extract and clone T. pallidum DNA, it
was necessary to purify the treponemes free of
residual rabbit tissue cells that could contribute
contaminating DNA, complicating the identifi-
cation of recombinant DNA molecules contain-
ing T. pallidum DNA inserts. This was accom-
plished through the use of Methocel-Hypaque
gradients (3). Treponemes purified in this man-
ner were essentially devoid of rabbit tissue cells
as determined by direct examination via dark-
field microscopy. After gradient purification, the
treponemes were sedimented, and the pellets
were frozen at -70'C.
High-molecular-weight DNA was obtained
from washed T. pallidum cell pellets by a modifi-
cation of the procedure of Nakamura et al. (13).
After incubation of the cells with lysozyme-
EDTA as described before, treponemes were
lysed with sodium dodecyl sulfate (final concen-
tration, 2%), followed by proteinase K (1 mg/ml)
treatment of the lysate. This material was phenol
extracted, and the DNA was ethanol precipitat-
ed as described before (13). To establish our T.
pallidum DNA colony bank, we chose for our
cloning vector the multicopy plasmid pBR322,
which possesses single restriction sites for a
number of endonucleases, including BamHI (4).
T. pallidum DNA was partially cleaved with
BamHI, yielding a wide range of fragments,
most of which were between 4 and 20 kilobases
long. This mixture was ligated to BamHI-
cleaved pBR322 through the action of phage T4
DNA ligase. The linearized vector DNA had
been treated with calf intestine alkaline phos-
phatase before ligation to remove terminal phos-










FIG. 1. Colony hybridization of Amj
mants, using 32P-labeled T. pallidum DN)
The autoradiograph shows only a portion
total colonies that were screened. Both p
negative controls are indicated by arroi
pallidum DNA; Tr, T. phagedenis biotype I
Ec, E. coli cells) (see the text).
the vector without an insert. The in vit
sized recombinant plasmids were trz
into competent cells of E. coli strain
for propagation by the method of E
Ehrlich (5). Approximately 40,000 tran
were selected on the basis of the
resistance (Ampr) encoded by pBR32:
Since cloning into the BamHI site (
necessarily results in the insertional in
of the gene encoding tetracycline
(Tetr), we randomly screened 300 of
transformants for loss of Tetr. We f
90% of these transformants were Tet
er, since there is not a perfect corre
tween loss of Tetr and actual inset
foreign DNA fragment at a given rest
(17), we decided to use the more
method of colony hybridization for i
transformants carrying recombinant
(17). Individual transformants were
nitrocellulose filters, and reference ca
were prepared by replica plating. Un
pallidum DNA was spotted onto the I
positive control; cells of E. coli strep
harboring pBR322 served as a negative
As an additional negative control, cells of T.
phagedenis biotype Reiter were also spotted
onto filters. This cultivable treponeme has been
reported to exhibit no detectable DNA homolo-
gy with T. pallidum (12). After the cells were
lysed and their DNA was denatured in situ (16),
a nick-translated 32P-labeled T. pallidum DNA
probe was hybridized to each filter. As shown in
oi1trol Fig. 1, 224 of approximately 2,000 transformants
screened were strongly positive for the presence
of T. pallidum DNA inserts. Most of the remain-
ing transformants exhibited weaker reactivity
A with the labeled probe. Since neither of the
negative controls exhibited any detectable ho-
mology, it is likely that these latter transfor-
mants contained small T. pallidum DNA inserts
which were not as efficiently recognized by the
Ec Control probe.
To further confirm the positive results of the
colony hybridization procedure, plasmid DNA
was obtained from a number of the strongly
positive transformants and electrophoresed on
agarose gels. In most cases, the plasmid DNA
was considerably larger than native pBR322,
O. suggesting the presence of large T. pallidum
DNA inserts. After the plasmid DNA was visu-
alized in agarose gels, the DNA was transferred
pr transfor- to nitrocellulose sheets via a modified Southern
A as probe- blot procedure (15) and hybridized to our 32p_of the 2,000 labeled T. pallidum DNA probe. Again, our
ws (Tp, T. results demonstrated the homology of the probe
Reiter cells; to the unrestricted recombinant plasmid DNA,
thus confirming the presence of T. pallidum
DNA inserts (data not shown). (We determined
the insert sizes for several of these clones [see
ro-synthe- below].)
ansformed Clones expressing antigens of interest can be
LE392 (6) identified by a variety of in situ immunoassays
)agert and (17). We chose a method that is a modification
sformants (suggested to us by J. Cannon) of the filter
ampicillin binding antibody (FBA) assay of Henning et al.
2. (11). For our FBA assay, we prepared replica
)f pBR322 prints of the 224 clones that were strongly posi-
activation tive for T. pallidum DNA, using Whatman no. 42
resistance filter paper. A positive control consisting of
the Ampr washed, standardized T. pallidum cells and a
found that negative control consisting of washed cells of E.
s. Howev- coli LE392(pBR322) were also spotted onto fil-
,lation be- ters and allowed to dry. The filters were incubat-
rtion of a ed in the presence of immune rabbit serum (IRS)
Fiction site obtained from a rabbit experimentally infected
definitive with T. pallidum. This serum had been exhaus-
dentifying tively preabsorbed with LE392(pBR322) cells to
plasmids remove any antibodies directed against E. coli
grown on antigens that would obviously obscure meaning-
olony sets ful results. After incubation of the filters with
labeled T. IRS, the filters were washed with buffer and
filters as a then incubated with 1251I-labeled protein A
sin LE392 (Amersham Corp.) that would recognize anti-














FIG. 2. FBA assay, using IgG purified from IRS.
Serum was obtained from a single rabbit at 35 and 38
days postinfection and pooled (maximum orchitis was
detected at day 11). The IgG was prepared by ammoni-
um sulfate precipitation followed by DEAE-Sephadex
A-25 column chromatography and diluted 1:20 in phos-
phate-buffered saline containing 1% bovine serum
albumin (PBS-BSA). The antibody titer of the undilut-
ed IgG was 1:10,240 as determined by the microhem-
agglutination assay for T. pallidum. This assay was
performed and read as recommended by the kit distrib-
utor (Ames, Elkhart, Ind.). The FBA assay was per-
formed as follows. (i) Each filter was incubated in 4 ml
of diluted antibody for 1 h at 37°C with gentle agita-
tion. (ii) Each filter was washed four times in 20 ml of
PBS-BSA. (iii) Each filter was incubated in 4 ml of
PBS-BSA containing 12"'-labeled protein A diluted to 2
x 105 cpm/ml. (iv) Each filter was washed four times
in PBS-BSA. (v) Each filter was dried and autoradio-
graphed. Positive and negative controls and reactive
E. coli clones are indicated by arrows; abbreviations
are as for Fig. 1.
in the previous step. Subsequent autoradiogra-
phy of the filters revealed that the positive T.
pallidum cell control reacted very strongly with
IRS, whereas the negative E. coli control exhib-
ited no detectable reactivity. In addition, two of
the E. coli clones harboring T. pallidum DNA
inserts (I28 and 139) also exhibited relatively
strong antibody binding, indicating that these
two clones express T. pallidum antigens. We
found that when the cells were first lysed in situ
(14) before reacting with IRS, essentially the
same results were obtained. Cell lysis did not
appear to increase the reactivity of the positive
X .2
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FIG. 3. FBA assay, using HSS. The HSS, obtained
through the North Carolina Memorial Hospital, Cha-
pel Hill, from a patient who was in the secondary stage
of syphilis, was diluted 1:4 in PBS-BSA. The antibody
titer of the undiluted HSS as determined by the
microhemagglutination assay for T. pallidum was
1:1,280. Positive and negative controls and reactive E.
coli clones are indicated by arrows. See the legend to
Fig. 2 for additional details; abbreviations are as for
Fig. 1.
clones (or the positive control), and no addition-
al clones were seen to exhibit a positive reac-
tion. Similar results were found with immune
serum from several different rabbits. Subse-
quently, we reexamined these same 224 E. coli
clones in an identical manner, using an IgG
fraction purified from IRS (Fig. 2). Again, clones
128 and 139 exhibited a strongly positive reac-
tion. However, with the purified IgG, we detect-
ed two additional clones (H2 and 186) that exhib-
ited a weaker positive reaction. Both the strong
reactions of clones 128 and 139 and the weaker
reactions of clones H2 and 186 were reproduced
several times. Pooled, preabsorbed normal rab-
bit serum exhibited no activity in the FBA assay
with either the controls or the E. coli clones.
Since Baseman and Hayes (2) had demon-
strated that both rabbits and humans elicit a
similar humoral response to T. pallidum infec-
tion, we were of course curious as to whether
human syphilitic serum (HSS) would react with
any of the E. coli clones identified above. Thus,
we repeated the FBA assay with HSS. As with
the IRS, the HSS was exhaustively preabsorbed
with LE392(pBR322) cells. Clones H2 and 186
were strongly reactive with HSS, whereas
clones I28 and 139 were considerably less reac-
tive while still definitely exhibiting a positive
reaction (Fig. 3). Pooled normal human serum
was not reactive with any of the clones or
controls. It is interesting to note that those E.
coli clones that were strongly reactive with IRS
were weakly reactive with HSS and vice versa.
The observation that different clones are react-
ing strongly with IRS and the HSS indicate that
we are probably detecting at least two different
antigens among our total of four FBA-positive
clones. Furthermore, we recently determined
the insert sizes for the four FBA-positive clones
(data not shown). Clones 128 and 139 have what
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may well be an identical insert of 15.7 kilobases;
thus, these clones may be expressing identical
antigens. Clone 186 contains a 14.5-kilobase
insert. Clone H2 contains a 20.2-kilobase insert
consisting of two BamHI fragments, one of
which is also 14.5 kilobases long and may be
identical to the insert in clone 186. Thus, clones
186 and H2 may also be expressing identical
antigens but, based on this data, should be
different from those expressed by clones I28 and
139.
In conclusion, we have obtained four E. co/i
clones expressing T. pallidum antigens. We de-
tected these antigens in intact cells, strongly
suggesting that these antigens are expressed on
the E. coli cell surface. This result leads us to
suspect that these are T. pallidum surface anti-
gens being expressed. Our experiments to date
give no clue as to the nature of these antigens;
this is being investigated further. We are also
characterizing further the T. pallidum DNA in-
serts in these strains, and we are attempting to
determine the number and cellular location of
the proteins encoded on the recombinant plas-
mids that are being expressed in these strains.
As stated previously, our goal is to obtain E. coli
clones synthesizing various T. pallidum surface
proteins. Although we do not yet know whether
this has been achieved, our initial results have
indicated to us the feasibility of this recombinant
DNA approach.
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